Abstract-In this paper, a switched reluctance motor (SRM) with an auto-transformer like winding in each phase is presented. The new winding structure allows for fast demagnetization, which enhances the machine performance at high speeds. During demagnetization, the DC bus voltage is applied across a portion of the phase winding and accordingly, a higher negative demagnetization voltage/turn is applied, which leads to an increment in the discharge rate for the phase excitation currents. The proposed concept is verified through Finite Element Analysis (FEA) circuit simulations on a case study motor. The power electronic converters that can be used with the proposed winding configuration and its associated control have been investigated.
I. INTRODUCTION
Due to their inherent advantageous features like high efficiency, robustness and fault tolerance, switched reluctance motors (SRM) are gaining interest in many applications, such as automotive industry, wind power generation and aircraft starter-generator set [1] - [2] . To ensure continuous production of motoring torque, the excitation current should be driven into the machine phases sequentially in a way that maximizes the positive torque production while avoiding the generation of negative or breaking torque [3] . For variable speed operation of SRMs, the turn-on and turn-off angles of the phase excitation are determined based on the maximum possible positive torque production for motoring and the required time duration for the excitation current. The demagnetization time duration is very critical as the phase current needs to be driven to zero before the rotor pole enters into the negative torque production region.
Despite the fact that the SRMs do not have standard power electronics drive compared to AC motor drives [4] ; the asymmetric converter is a typical topology used with the SRM. It is composed of two switches and two diodes per phase as shown in Fig. 1 [5] . The two switches are responsible for controlling the driving current of each phase; while the two diodes are required to provide a path for free-wheeling and for discharging the current back to the converter DC bus [5] . According to [4] ; one of the main objectives of the SRM drive is to maximize the demagnetizing voltage on the phase while regulating the current on the other phases for torque ripple reduction. The torque production of the SRM at high speeds can be improved by applying high demagnetization voltage, which enables faster reduction rate for the phase current to zero prior to the aligned position [6] . According to [6] , the faster demagnetization allows the turn-off angle for the current to be moved closer to the aligned position, which leads to a longer positive torque production region and lower braking torque. In [1] , the authors discussed that at high speed regions the turn-on angle can be regulated to increase the positive torque production region. However, the negative torque will also increase leading to a lower net torque and lower efficiency. Therefore, to extend the speed range of SRMs, there is a need for a method that allows fast demagnetization for the phase excitation currents [6] . It is preferred to develop such a method without any need for additional hardware components in SRM converters.
The main concept presented in this paper is to treat the winding of each phase as a transformer since it produces flux in the stator and the rotor. The winding of every phase can then be treated as an autotransformer where the different number of turns could be exposed to the DC bus voltage during magnetization and demagnetization such that higher volt/turn is achieved during demagnetization to enable a faster demagnetization. In [7] , separate windings were used for magnetization and demagnetization for the purpose of realizing simple hardware structure in the converter. However, the two windings have the same number of turns and accordingly it does not provide an enhancement in the SRM high speed performance.
According to [8] , [9] and [10] ; similar winding configuration used in DC-DC converter to achieve several advantages like reducing the losses [8] , better transient performance [9] and obtaining different voltage levels for a fixed DC input voltage [10] , the coupled inductor is basically and ideal transformer in addition to a leakage and magnetizing inductance [11] .
Fast demagnetization technique is proposed in [12] by adding extra coupled inductor per phase; which is dedicated to discharge the phase current during the demagnetization, the coupled inductor has two windings and which are connected in a transformer configuration while one of them is connected in series with the phase windings. The demagnetization voltage can be increased by adjusting the coupled inductor turns ratio which has the advantage of limited number of components and simple control, however additional windings should be considered for each phase with a proper magnetic coupling between them. This paper first introduces the concept of allowing different paths for SRM magnetizing and demagnetizing and then investigates the winding configurations and their effect on torque production and driver operation through finite element analysis (FEA). An appropriate power electronics converter similar to the conventional SRM inverter is used to drive the SRM and a detailed motor model is considered in a case study to verify the effectiveness of the proposed concept.
II. PROPOSED AUTOTRANSFORMER-LIKE WINDING CONFIGURATION
The proposed autotransformer phase configuration is shown in the Fig. 3 . The two switches are placed in the two edges of the full phase windings while the two diodes are connected across a portion of that winding. Note that during the magnetization and free-wheeling stages, keeping the lower switch ON and turning the upper switch ON and OFF maintains the conventional operation of SRMs. The power converter used for the proposed secondary winding configuration is shown in Fig. 2 . For energizing the phase; both of the switches are turned ON as shown in Fig. 3 . The voltages across the phase windings can be represented in Eqn. 1-3: The voltage across the secondary winding increased according to Eqn. 3 and 4. As the voltage increases, faster demagnetization is expected. During the demagnetization the current will be cut completely from the main winding and since the two coils are wrapped around the same core. The main coil flux will cause the current level in the N 2 turns to increase instantaneously to become times the original current while the inductance becomes times the initial inductance, where . To provide a simplified explanation, consider the operation in the linear region of -icharacteristics of the SRM motor. When the conventional SRM shown in Fig. 1 is demagnetized, the phase current is given by [13] :
where , and are the inductance, the current and flux linkage of phase A respectively. is the rotor position and is motor speed. As the motor speed increases, the time available to demagnetize the phase current becomes smaller and thus the motor must be demagnetized earlier to avoid the operation in the negative torque region. On the other hand, in the proposed method, the demagnetization equation becomes:
By comparing (7) and (9), the ratio of the demagnetization time in the proposed configuration and the conventional one is less than 1/ :1. Thus the demagnetization time is improved with the new winding topology. The implementation of the autotransformer-like windings for one phase windings in the stator pole is shown in Fig. 5 below. 
III. TORQUE SPEED ANALYSIS WITH THE SECONDARY WINDING CONFIGURATION
The proposed winding configuration is capable of improving the SRM torque-speed (T-) characteristics by allowing higher torque to be achieved at high speeds. The torque production for the typical SRM at high speeds is low due to the high back EMF voltage, and need for early turn-off angles which shortens the time associated with each electrical cycle.
The demagnetization capability of the new winding topology is compared with the conventional SRM in Figs. 6-8 where same turn-on and turn-off angles are applied for both cases. The currents in the conventional machines are compared with the currents in the primary and the secondary windings at different speeds where IA, IA1 and IA2 are the conventional windings Phase A current, the primary Phase A current in the new topology and the secondary Phase A current in the new topology respectively. It is clear that the current in the secondary windings will jump instantaneously after turning the switch OFF and it will then be discharged quickly as shown in Figs. 6-8 . This jump in the current is governed by the turns ratio between the secondary and the primary windings. It is important consider the variation in the phase current for the converter design especially the component ratings. At low speeds, the impact of the fast demagnetization is not significant since there is sufficient time for the phase current to be demagnetized.
The impact of the fast demagnetization at higher speeds is well demonstrated in Figs. 7 and 8 . Clearly, the proposed configuration has the advantage of avoiding the operation into the negative torque region since the current could be demagnetized faster. Thus the current can be allowed to keep increasing for longer time, and the demagnetization time can shortened which increases the torque production and enhance the field-weakening capability [14] [3] . In order to investigate the effect of the new winding configurations on the phase voltage; the voltage across Phase A winding during the magnetization and demagnetization is compared as presented in Fig. 9 .
It is essential to study the effect of extinguishing the current instantaneously in the primary windings and directing the flux to the secondary windings on the power converter and the SRM ratings. The sudden change in the phase current imposes a high voltage across the primary windings along with the fats transient on the diode current as shown in Fig. 9 and 10. Fig. 11 compares the voltages across the diodes for two configurations. It is clear from Fig. 11 that the duration for the demagnetization in the proposed configuration is shorter than the duration in the conventional machine. The autotransformer behavior for the windings is based on the ideal coupling assumption; which is not practically the case. For the sake of comparison and to investigate the effect of non-ideal coupling between the two windings, the voltage across the primary windings during demagnetization is compared for the cases of ideal and non-ideal coupling. The same autotransformer with a leakage inductance of 1% of the magnetizing inductance is simulated, and the voltage across the primary windings is presented in Fig. 13 . The effect of non-ideal coupling in developing a voltage spikes in the primary windings and the electronic switch ( ) connected to that windings terminals as shown in Fig. 14 . The voltage spike should be considered in the components ratings for the driver. The leakage inductance theoretically results in an instantaneous change in the flux linked to the primary winding, but for the real application even with leakage inductance the voltage peak will be affected by the switching time and the switch impedance, i.e. infinite peak voltage corresponds to ideal switching with infinite impedance for the switch in off state.
The voltage across the other switch (S1) will be the same for both the cases of ideal and non-ideal coupling as shown in Fig. 15 . Voltage for non-ideal coupling. 
IV. CASE STUDY
Case study for a 12-8, 100 W, 3 phases 1000 rpm motor is designed in Flux2D FEA as shown in Fig. 16 for verification of the proposed winding configuration of the SRM. The total slot area for the machine model was 104
and it was divided as 69. 3 for the primary windings and 34.7 for the secondary windings according to turns ratio between them. The turns ratios are determined according to the ratings of the drivers components as turns and turns in order to avoid high peaks for the phase currents during the demagnetization.
The FEA model was interfaced with a power converter in FLUX (finite element software for electromagnetic and thermal analysis) using the electrical circuit simulator and its associated control. The converter reference current was chosen to be with a current density limit of [15] , while the converter DC voltage The torque speed curves for the case study before and after implementing the new winding topology are shown in Fig. 17 , while the power comparison is presented in Fig. 18 . The proposed topology can result in lower torque ripple as shown in Fig. 19 , as better current control can be achieved through this configuration. The phase current can be sustained for longer time with a better controllability as shown in Conventional Winding New Configuration model and the experimental setup was found to be within 10% for different loading conditions as presented in Table I . The detailed parameters for the FEM model are depicted in Table  II . This paper proposes a novel winding configuration to be implemented in the SRMs in general. The concept is based on emulating an autotransformer-like winding for the phases such that higher volt/turn could be applied during the demagnetization time for the current of each phase in order to boost the negative voltage applied at the windings which will increase the current discharge rate. This method enhances the machine performance at high speeds and different torquespeed behaviors can be accomplished by changing the winding configuration for the auto-transformer. Optimization decision was made for the secondary winding number of turns to achieve the maximum possible discharge rate while considering the power converter current limitations. The proposed system does not require any additional components to be added to the machine or the driver and it also does not add any complexity to the typical SRM control. 
